Directed and true self-assembly mechanisms in nematic liquid crystal colloids rely on specific interactions between microparticles and the topological defects of the matrix. Most ordered structures formed in thin nematic cells are thus based on elastic multipoles consisting of a particle and nearby defects. Here, we report, for the first time to our knowledge, the existence of giant elastic dipoles arising from particles dispersed in free nematic liquid crystal films. We discuss the role of capillarity and film thickness on the dimensions of the dipoles and explain their main features with a simple 2D model. Coupling of capillarity with nematic elasticity could offer ways to tune finely the spatial organization of complex colloidal systems.
Directed and true self-assembly mechanisms in nematic liquid crystal colloids rely on specific interactions between microparticles and the topological defects of the matrix. Most ordered structures formed in thin nematic cells are thus based on elastic multipoles consisting of a particle and nearby defects. Here, we report, for the first time to our knowledge, the existence of giant elastic dipoles arising from particles dispersed in free nematic liquid crystal films. We discuss the role of capillarity and film thickness on the dimensions of the dipoles and explain their main features with a simple 2D model. Coupling of capillarity with nematic elasticity could offer ways to tune finely the spatial organization of complex colloidal systems.
liquid crystals | colloids | thin films | self-assembly | dispersions A mong the various systems proposed heretofore for bottomup assemblies of solid particles, nematic liquid crystal (NLC) dispersions have attracted a lot of attention. Such systems indeed promote complex anisotropic 2D patterns that can easily resist thermal fluctuations and external perturbations (1) (2) (3) . The mechanisms responsible for self-assembly in nematics are now well understood. The nematic phase is a fluid with an orientational order, in which locally the molecules spontaneously align in a common direction, the director n. The imposed orientation of the molecules at the surface of solid particles (the so-called anchoring phenomenon) creates a large-scale distortion of the field nðrÞ. Orientational elasticity, far-field alignment, and topological constraints then yield the formation of topological defects associated to the particles (4, 5) . A typical system that has been extensively studied is a microsphere with a perpendicular (homeotropic) anchoring immersed in a thin planar-aligned nematic cell. Topologically equivalent to a hedgehog defect for the director field nðrÞ, the spherical particle necessarily creates other topological defects in the uniform far-field director, such as a hyperbolic hedgehog point defect or a Saturn-ring defect (a closed disclination line). The particle-defect pair forms a neutral unit and is stable contrary to a couple of true topological defects that would annihilate. The self-assembly of particles is then explained by the residual distortion of the matrix far from the pair, which yields long-range elastic interactions between particles (5, 6) . Whereas the far-distance distortion can be always treated asymptotically, the local director field around the particle depends on several parameters, such as the size and shape of the inclusion or the finite strength of the anchoring, and is accessible only via numerical approaches (7) . In all cases, one observes a defect located at a close distance from the particle (of order of its size). Such a scheme is found with particles of different shapes and sizes (8, 9) : When introduced in a NLC, a microparticle generates elastic distortions and topological defects in its close neighborhood, i.e., at a distance comparable to its size, and we call this particle-defect pair a common short dipole.
In this paper, we examine how capillary effects modify this scheme and can be used to tune the size of a particle-defect pair. When microspheres are deposited on a free NLC film, topological counter defects are also formed but their distance to the particles is highly sensitive to the thickness of the film. For some values, giant dipoles-for which the distance between particles and defects is 10 times to several tens of times the particle size-appear. We have explained this behavior by considering the capillary deformation of the films caused by the solid inclusions. Using spatially resolved birefringence measurements, we have quantitatively analyzed the distortion of the films and the NLC textures. Finally, we show how the competition between capillarity and nematic elasticity can be handled here in a simple way by uncoupling the effects of nematic elasticity in the transverse and lateral directions of the thin film. This work also provides a previously unidentified example of the richness of the combination of capillarity and nematic elasticity (10) for developing colloidal self-assembly mechanisms based on liquid crystals.
Results and Discussion
Thin Nematic Films. Our experimental systems consist of thin films of nematic liquid crystal [4-n-pentyl-4′-cyanobiphenyl (5CB)] spread at the surface of a thick water layer (Fig. 1A) . The degree of wetting of high-purity 5CB on pure water is insufficient to give satisfactory film-forming properties (11) . We have found that adding 5 wt% of polyvinylalcohol (PVA) ensures complete wetting. After briefly heating to the isotropic state (above T = 35°C) and cooling back to room temperature, the films show a uniform thickness and are highly stable with time. This system has several advantages over the well-studied films spread on glycerin (12, 13): Due to its slight solubility in 5CB, glycerin indeed tends to form droplets in the NLC after some time (14) (15) (16) , disturbing the system and hindering detailed observations (17) . Films containing solid microspheres with perpendicular anchoring are similarly
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The coupling of capillarity and elasticity at liquid crystal interfaces is an emerging topic driven by the ability of both mechanisms to guide the self-assembly of microparticles into ordered structures. In this research, we explore fundamental questions about how capillary deformations at liquid crystal interfaces can affect the texture around particles captured in thin nematic films. We report for the first time, to our knowledge, the formation of giant elastic dipoles and develop a fuller understanding of their creation. The understanding of such elastocapillary effects could lead to new opportunities to control the spatial organization of colloidal particles and develop novel classes of reconfigurable materials that are highly interesting for technological applications.
obtained by spreading 5CB containing 0.1 wt% of silica particles of nominal radius R ≈ 2 ± 0.2 μm over the PVA solution.
The 5CB NLC shows a strong perpendicular anchoring on air (13) and a degenerate parallel (planar) anchoring at the water/PVA solution (18) . The difference in anchoring conditions Θ = θ p − θ h (Fig. 1A) leads to a continuous 3D distortion of the director n. Such hybrid anchoring nematic films (mainly studied on glycerin) have already been thoroughly examined both experimentally and theoretically (12, 13, 16, (19) (20) (21) . Thick films are expected to show a simple and homogeneous structure in the layer plane (defining a 2D c director sketched in Fig. 1B ) but when the thickness h decreases to a fraction of microns, a spatial xy modulation of the director field and periodic domain patterns, due to an elastic instability, are observed (22, 23) . We checked that the particle-free films deposited on PVA/water behave similarly. The simple uniform texture is observed down to a thickness of ∼ 0.4-0.5 μm and thinner films display also periodical instabilities (22) . In the following, we mostly focus on films whose thickness is between 0.4 μm and 3 μm. In this range, the comparison of the retardation maps and the interference patterns in reflection mode (details in SI Text and Fig. S1 ) indicates that the local film thickness h is proportional to the retardation: h = δ=Δn with Δn = 0.080 ± 0.004. This defines an effective birefringence Δn slightly smaller (∼15%) than the value expected in the hypothesis of strong anchorings at both interfaces; i.e., θ h = 0 and θ p = π=2 (SI Text). Throughout the text, we have used this experimental relation to derive the thickness profiles from the retardation maps.
Giant Elastic Dipoles. After the deposition of particle-free films of homogeneous thickness, defects heal spontaneously in a few tens of minutes. The films show uniform thickness at equilibrium and homogeneous textures with minimal azimuthal distortion in the viewfield. On the contrary, films containing microspheres show persistent distortions that strongly depend on the film thickness. When the NLC layer is thicker than the bead diameter (typically between 4 μm and 10 μm), the distortions are localized: Individual beads are classically accompanied by a nearby hyperbolic hedgehog defect (Fig. 1C) . The beads are then either confined within the film or trapped at a single interface, similarly to what has been analyzed and discussed in refs. 24 and 25, where microspheres were trapped at the air-5CB interface of films planar anchored on glass substrates. More surprisingly, when the thickness of the film decreases typically to the micrometer, giant stable dipoles are observed (Fig. 1D) . The bead is equivalent to a +1 defect for the c director, which confirms (26) that perpendicular anchoring on the particle has remained strong despite the direct contact with the PVA solution. The induced defect of charge −1 is located at a distance up to ∼100 μm from the microsphere. To understand the origin of such unusual textures we have extensively studied the films and the director fields in the 0.4-to 4-μm thickness range. The bead diameter being larger than the film thickness, a capillary distortion is expected. Retardation maps reveal that the thickness of a film indeed increases in the vicinity of the particle. The deformation of the interface is roughly axisymmetric around the microsphere ( Fig. 2A) and almost independent of the azimuthal director field (−1 defects have only minor influence on the film thickness). This reveals that the capillary effects largely dominate the 2D elasticity related to the distortions of the c director. However, the influence of the nematic elasticity on the interfaces should not be entirely discarded because a much larger elastic energy is stored in 3D via the hybrid anchoring conditions. At first order, the Frank elastic energy density of a hybrid NLC film indeed reduces to (27) 
where K is the nematic splay-bend modulus in the one-constant approximation. In the limit of strong anchoring conditions with Θ = π=2, this yields a thickness-dependent surface free elastic energy 27) , at the origin of a thin film disjoining pressure
When weak anchoring conditions and an evolution of Θ with the thickness are considered (SI Text), a similar form is obtained with
Capillary Effects. To evaluate analytically the distortion of a film, we have considered weakly distorted interfaces and use an expansion (28) of the disjoining pressure in a thin film around the far distance thickness h 0 : The director field reveals a strong perpendicular anchoring on the particle, equivalent to a +1 defect for the c director and the presence of a −1 defect far from the bead. The retardation has an axial symmetry, which reveals that capillary effects dominate the azimuthal elasticity. (B) Side view sketch of a microsphere embedded in a thin NLC film of thickness h 0 at far distance. Capillary effects fix the contact angles ϑ 1 and ϑ 2 , which yields a distortion hðx, yÞ of the interfaces. P f ðhÞ, P a , and P w are the pressures in the film, in air, and in the PVA solution.
Using the geometric notations of Fig. 2B , the interface positions z 1 and z 2 check the linearized Young-Laplace equations (the gravity-induced effects are negligible at the micrometer scale and the slopes are small),
where q i = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi −∂Π D =∂hj h0 =γ i q ði = 1,2Þ compares the effects of disjoining pressure and of the interface tensions γ 1 and γ 2 (respectively for the air-5CB and the PVA/water-5CB interfaces). The axisymmetric solution gives a thickness profile (details in SI Text) hðrÞ = z 1 ðrÞ − z 2 ðrÞ = h 0 + AK 0 ðqrÞ, [3] where r is the radial distance from the bead center, q = ffiffiffiffiffiffiffiffiffiffiffiffiffiffi q 2 1 + q 2 2 q , and K 0 is the modified Bessel function of the second kind of order 0. The constant of integration A can be determined using Young's relation at the triple lines as a boundary condition (full analytical details in SI Text and Fig. S2 ). We have determined the profile of several tens of beads and found that Eq. 3 correctly describes the change of thickness around them (Fig. 3A) . Moreover, it allows us to test the elastic origin of the disjoining pressure: The expression Π D = Kπ 2 =8h 2 yields q th = β el h
, where
This dependence is compatible with our observations as shown in Fig. 3B . The best-fitting value β fit = 0.038 ± 0.001 μm 1/2 is smaller but of the same magnitude as the computed value at T = 23°C, β th = 0.049 μm 1/2 obtained from the average constant K ≈ 7 pN (29), γ 1 = 34.5 ± 0.5 mN·m −1 (30) , and γ 2 = 9 ± 0.5 mN·m
, where the two latter values were respectively checked or measured from pendant and rising drops experiments. If we consider weak anchoring conditions within our simplified model, the dependence of q on h can be obtained numerically. Reduced values q w are obtained, especially at low thicknesses and low anchoring energies, but the magnitude remains the same. However, the comparison of these curves with the experimental data (taking also into account the birefringence measurements) shows that the associated anchoring energies of the liquid crystals at interfaces cannot be much lower than W ≈ 5 · 10 −5 J·m −2 ( Fig. 3 and SI Text).
Elasto-Capillarity in Nematic Films. Now that the profile of the film thickness is explained, let us consider the nematic field around the particle. As said above, giant dipoles have been seen only in deformed films. However, the largest dipoles are not necessarily observed in the most distorted films (which are the thinnest ones). The equilibrium distance d e between the bead center and the defect has been measured in samples of different thickness. For a few samples, we have also followed the evolution of this distance while increasing (or decreasing) the thickness by adding (removing) a small amount of 5CB. For each measurement, we have waited tens of minutes to reach an equilibrium distance. Fig. 4A shows the evolution of d e from 100 microspheres. Up to a thickness about 1.6 μm, the data are only slightly dispersed (presumably due to size dispersion of beads) and each mark corresponds to an average of about 10 individual measurements. In this region, we observe only giant dipoles with an increase of the distance with the thickness. Above 2.6 μm, on the contrary only the short common dipoles are observed with a typical distance d e < 4 μm. In the thickness range 1.6-2.6 μm, a coexistence of giant and short dipoles is observed in samples at equilibrium. When adding 5CB, the distance of a given giant dipole increases (purple triangle trajectory in Fig. 4A) , reaches a maximum, and then rapidly decreases toward the close contact.
The role of the gradient of thickness is of prime importance to explain the formation of the giant dipole. The most economical explanation, at first sight, would evoke the fact that a defect will tend to decrease its core energy by escaping in the thinnest part of the film. Such an explanation has been already proposed to explain why +1/2 defects that are naturally present at the surface of nematic shells (with both planar anchorings) migrate to their thinnest part (31) . It should be noted, however, that +1/2 defects are tridimensional disclinations spanning the shells whereas the −1 defects considered here are boojums that do not live in the nematic layers but rather at their surface. Such defects are much less sensitive to the thickness as already noted in ref. 31 , where they were also observed in the thick parts of the shells. Moreover, in a recent work (26), we have also reported that particles trapped on shells could give rise to short common dipoles and even be accompanied by −1/2 defects in the thickest part. Another explanation of the presence of the textures has to be found.
To understand why giant dipoles form in the distorted films, one has to consider a refined description of the elastic energy stored in the film. of a distorted hybrid NLC film, expressed in terms of 2D operators only (20) ,
where ∇ xy is the 2D gradient and φ is the azimuthal angle of the c director in the xy plane [c = ðcos φ, sin φÞ]. Twist energy terms are fully neglected in this model. The first term accounts for the xy splay bend distortions of the c director with an elastic modulus that is only about half the 3D modulus (K ≈ K=2) due to the absence of distortions at the perpendicularly anchored interface. The second term is the already encountered zenithal distortion term with a geometric correction due to the thickness gradient. If the angles θ p and θ h (Fig. 1A) are defined with respect to the normal of the lower and upper interfaces, the term Θ = θ p − θ h indeed does not account for the whole angular reorientation of the n director when the interfaces are not parallel. When the gradient of thickness remains small, the geometric angular correction is given by c. ∇ xy h at first order and the director tends to be parallel with the thickness gradient. The part of the free energy that depends on the 2D c texture is then given by
Such an elastic energy will tend to favor the alignment of the c director on the gradient of the thickness. Because we use perpendicularly anchored microspheres that also give rise to a radial gradient for the thickness, a radial director field is highly favored in the vicinity of the bead. It is only at large distances, where the film gets a uniform thickness, that the gain in energy of the radial texture is not balanced anymore. Following the classic mechanisms, a defect of opposite charge appears to decrease the distortion energy at very large distance.
To confirm this scenario, we have numerically investigated the evolution of the nematic texture of minimal energy caused by a microsphere. We have found a nonmonotonic behavior of F 2D with the distance d between the bead and the topological defect of charge −1. Fig. 4B shows the positions d e of the local minima of the energy found as a function of the film thickness h 0 with three typical dependencies detailed in Fig. 5 . Several features of the experimental observations are found. First, at small thicknesses h 0 , F 2D shows a single minimum (Fig. 4B, case A) with respect to d, corresponding to a giant dipole. In this region, the equilibrium distance d e increases with the thickness. The free energy then shows two local minima (Fig. 4B, case B) corresponding to a giant and a classic dipole. In thicker samples, the free elastic energy shows only one minimum corresponding to the short dipole (Fig.  4B, case C) . With the 2D ansatz, the main experimental trends are thus found with simulated textures (shown in Fig. 5 ) very similar to the experimental observations. However, one should note an overestimation of both the threshold thicknesses and the typical distances d in Fig. 4 . This could be due to the roughness of the ansatz model, which ignores some components of the elastic energy (such as twist terms), but also to the strong anchoring approximation. Both the threshold thicknesses and d indeed are found to decrease with weaker anchoring conditions ðΘ < π=2Þ.
Colloidal Interactions in a Thin Nematic Film. As discussed above, the capillary distortion around an isolated colloid is strong enough to be almost independent of the nematic c director, which then adapts to A B Fig. 4 . (A) Evolution of the distance particle center defect d e with the film thickness h 0 . Below 1.6 μm, the experimental data are grouped and each mark (brown circles) corresponds to the average of about 10 independent measurements in a 0.1-μm thickness range. Above 2.6 μm, the defects are always located in the vicinity of the particle (individual measurements). In the 1.6-to 2.6-μm range, the data are highly scattered with defects either close to the particle or at a large distance from it (open squares). Individual dipoles (colored markers with arrows) have also been followed while continuously increasing or decreasing the film thickness (main text). (B) Evolution of d e with h 0 computed using the ansatz of Eq. 4 with Θ = π=2 and K = K=2. Solid black diamonds indicate local minima of the elastic free energy, whereas open red diamonds show the absolute minima. The letters A, B, and C indicate three typical situations detailed in Fig. 5 . the imposed thickness variation. One could wonder whether the capillary interactions expected between two particles may be compatible with the presence of giant dipoles. It is indeed well known that capillary interactions between particles trapped in a thin film are always attractive (28) . We have therefore explored the pair interactions between two trapped colloids by increasing the amount of particles in the deposited films (but still with a density low enough to avoid undesirable aggregation during the brief heating of preparation). When the film thickness h 0 is large enough, the common short dipoles are observed and two neighboring particles rapidly come together, forming a dipole pair parallel to the director field. This classic behavior is expected because both capillary and parallel dipolar-dipolar interactions are attractive. More interesting is the case of thin films where giants dipoles are observed. As illustrated in Fig. 6 , two parallel dipoles interact attractively until an equilibrium distance is found. The distance R between the two microspheres is comparable to twice the equilibrium distance d e between a sphere and its defect. During the approach of the particles, d e is hardly modified, which indicates that the attractive capillary interaction is not sufficient to overcome the effective interactions due to the nematic elasticity. If the sample is then heated into the isotropic phase, the particles are submitted to capillary attraction only and they come together in a few minutes, as illustrated in Fig. 6B .
The stability of the giant dipoles is due to the fact that the capillary force between immersed particles at a distance R has a magnitude given by F c ≈ 2πγ 1 R 2 qK 1 ðqRÞ (28), where K 1 is the modified Bessel function of the second kind of order 1. Above qR ≥ 2, this force decays exponentially, F c ∝ expð−qRÞ. When two dipoles come into contact (at a typical distance of 2 d e ), the radial texture around each particle becomes distorted, which gives rise to a similar repulsive force to the one observed between a particle and its defect, which was discussed in the previous section. The typical magnitude K (Fig. 5 ) of this repulsive force is larger than F c at large distances: For example, the experimental data q ≈ 0.05 μm −1 for a typical thickness of 1 μm give F c =K 1 for R > 160 μm.
In conclusion, capillary effects on nematic films strongly modify the known textures found for nematic colloids. Microparticles embedded in thin nematic films give rise to giant elastic dipoles that are not observed in thin nematic cells and that can be used to mediate long-range elastic forces between microparticles. Additionally, the geometry of the dipoles can be simply controlled via the film thickness. From a theoretical point of view, a full variational analysis is formally needed but we have shown that the deformation of the interfaces and the 2D nematic textures could be analyzed separately in a first approximation. In our approach, the nematic distortion through the film thickness is taken into account with a scalar disjoining pressure, and the nematic texture could then be analyzed in a second step with a fixed thickness profile. These results are to our knowledge the first evidence of the role of elastocapillary potentials in nematic films. Moreover, we showed that elastic dipoles and the nematic elasticity are sufficient to counterbalance the strongly attractive capillary interactions between colloidal particles when they are trapped in thin films. These findings may help to direct the arrangement of colloidal particles into rich 2D structures and develop new classes of reconfigurable metamaterials. We hope this work will stimulate experimental and theoretical works on the self-assembly mechanisms that could emerge from such a competition.
Materials and Methods
Film Preparation and Particle Dispersion. The studied systems are obtained by spreading thin films of 5CB (4-n-pentyl-4′-cyanobiphenyl from Synthon Chemicals) at the surface of a 1-mm-thick water layer in a glass cuvette of diameter 20 mm that contains 5 wt% of PVA (Sigma-Aldrich; M r 20,000) to ensure complete wetting of 5CB. After deposition of a droplet of 5CB on the surface of the aqueous solution, the sample is briefly heated to 40°C, in the isotropic state of 5CB, and then cooled back to room temperature, to homogenize rapidly the film thickness. Similarly, particle dispersion is obtained by spreading films containing 0.1 wt% of silica particles (2 ± 0.2 μm of radius (Bangslabs) over the PVA solution. The particles were previously covered with a monolayer of N,N-dimethyl-N-octadecyl-3-aminopropyl trimethoxysilyl chloride (DMOAP) (Sigma-Aldrich), which ensures a very strong perpendicular anchoring for 5CB (33) .
Optical Characterization. The samples are placed in transparent sealed boxes (to avoid water evaporation and dust deposition) and observed under a microscope (LEICA DM 2500P equipped with a Sony 1,024 × 768 digital camera), using three different techniques. Newton's colors and thin film interference patterns (15) could be observed in reflection mode, with direct or (546-nm)-filtered white light. Because NLC films are optically anisotropic, the nematic textures were also observed in polarized transmission microscopy. Finally, quantitative birefringence imaging (34) was performed at 546 nm with an Abrio (CRI Inc.) system adapted to the microscope. The optical retardation δ and the orientation of the effective optical axis in the plane of the films were determined at each pixel of 1,024 × 1,392-pixel regions, with a typical resolution of 1 nm for the retardation and 1°for the azimuthal orientation φ of the slow axis. To interpret quantitatively these 2D retardation and slow-axis maps, one, however, has to consider the 3D distortion of the n-director field, as explained in the main text. In particular, the thickness is measured from the optical retardation, as detailed in SI Text.
Numerical Modeling. To determine numerically the 2D nematic texture caused by a single microsphere, we have used the free energy density f 2D defined in Eq. 4. The part of the free energy that depends on the scalar field φðx, yÞ is F 2D = RR f ′ 2D hðx, yÞdxdy, where f ′ 2D hðx, yÞ = f 2D − KΘ 2 =2h 2 . For a given film thickness h 0 , we first compute the axisymmetric interface profile centered on the bead and given by the analytical theory: hðrÞ = h 0 + A th K 0 ðq th rÞ, where q th ðh 0 Þ = β th h −3=2 0 and A th ðh 0 Þ is numerically computed for R = 2 μm (full details in SI Text). We have considered strong anchoring conditions on the interfaces (that is, Θ = π=2) and a 2D splay-bend constant given by K = K=2.
Equilibrium states are found by minimizing F 2D with finite-element methods, using the partial differential equation solver FreeFem++ (35) . We have considered only dipolar textures with a mirror symmetry along the x axis, where the finite-element domain Ω is a half disk of radius L much larger than the radius R of the microsphere (L = 250 R). Its geometry and the corresponding boundary conditions used for the finite-element methods are shown in Fig. S3 . At a given thickness h 0 , an elastic dipole is then defined only by the distance d between the defect and the center of the bead. The free energy F 2D ðh 0 , dÞ is then minimized with respect to the possible 2D textures, using the nonlinear conjugate gradient algorithm of the FreeFem++ package, which is iterated until the relative variation of the norm of the gradient of the functional F 2D with respect to all degrees of freedom is less than 10 −5 . An adaptive grid is used to improve the numerical accuracy. The local minima of F 2D ðh 0 Þ are then established by varying d.
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A B Fig. 6 . Interactions between two microspheres in a thin film. In nematic phase at room temperature, an appropriate thickness h 0 gives rise to the formation of giant dipoles that spontaneously align at an equilibrium distance (A, crossed polarizers). The far-distances elastic forces are sufficient to avoid the collapse of the particles under capillarity, which is observed in a few minutes (B, bright field) when the sample is heated into the isotropic phase (T = 40 °C).
